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Beedenue. Cratba pa3pa6oTKe 
SKCIHCPHMCHTAIbHBIX MCTOJOB OWCHKM XapakTepa pacripejese- 


mocBalleHa pacueTHo- 
HHA CHJI 10 WHpHHe 3yOuaToroO BeHIa H B OKpy2KHOM HalipaB- 
JIeHHM 3yOuaTOTO 3al[elviIeHHaA KpyMHOM BONHOBOM Nepezaun. 
Uccneqopanue OCHOBaHO Ha pe3yJIbTaTaX TCH30MeCTPHH KOH- 
TpONbHOTO 3yOa C HCIOb30BaHHeM MacuITaOHOrO MOJeIMpo- 
BaHHA OMBITHBIX OOpa3oB. Lemb padoTEr — co3qaHHe oObeK- 
THBHOM 9KCIICpHMeCHTaJIBHO-TeopeTH4ecKON MOJeJIM CHJIOBOrO 
B3aHMOJeHCTBHA 3yObeB B 3alleMIeHHM KpyMHOM BOJIHOBOM 
Tepeyauv. Takoe pewlenve mpeqnonaraeT mpeoOpa30Banne 
epopMaywi = MOebHEIX oOOpa3l0B B_ pacipeyeseHHy10 
Harpy3Ky MexKy 3yObAMH, YTO MO3BOJIMT HCKIIIOUMTb OCHOB- 
HbI¢ HEKOHTPOJIMpyeMble MOrpeLIHOCTH HeIMHeEMHOTO xapakTe- 
pa, MOBbICHTb TOYHOCTh OWCHKH CHJIOBLIX (aKTOPOB B Moe 
3allenuieHHa. 

Mamepuaaei u memoooi. PaspadbotaHa yrouHeHHad MeTOMKa 
CHJIOBOTO aHaIM3a 3yOuaTOrO 3al[elvIeHHA KpyNHOM BOJHOBOM 
Tlepea4v, ONTHMH3HpoBaHHad 0 KpHTepHamM TouHOcTH. To4- 
HOCTb pe3yJIbTaTOB MCCJIeOBaHHA MOBbIMIeHa 3a C4eT COBep- 
UICHCTBOBaHHA (u3H4eCKHX HM pacueTHBIX MoOJeseH. Takoli 
TOAXOA MO3BOJMI NOWYYHTh OOOCHOBaHHBIe 3aBHCHMOCTH pac- 
TipeyeyeHuA CHIOBbIX akTOpOB B 3y0uaTOM 3alleIvIeHHH 
KPyHHOH BOJHOBOH Tepesa4un. 

Pezyiemamei uccaedoeanua. YupoujeHa KOHCTpyKTUBHasA (op- 
Ma KOHTpOJIbHOrO 3yOa: Mo BCell WupHHe 3yOuaToro BeHLa 
BBeeH HeH3MeHHbIM mpodub. Takum o0pa30M UMCKIIOUCHEL 
HeJIMHeMHbIC UCKAKCHHA Pe3yJIbTaTOB 9KCIICPHMCHTOB, BHOCH- 
MBbIe TlepeMeHHOH opMbI 3yOa 10 WMpHHe 3yOyuaToro Bena. B 
TaKOM CJly4ae BO3MO2KCH MOHTaK TeH30pe3HCTOpoOB 0 BCeli 
UIMpHHe KOHTpoubHOrO 3y6a. Kpome Toro, mpejaraemMoe pe- 
WIeHHe O3BOJLIeT YCTaHOBHTb 3aBHCMMOCTb edopmallHu 
3yObeB 110 BCeli WMpHHe 3yOuaToro BeHIa, a He TOJIbKO Ha 
kpaliHux yuacTKax, KaK [peylararkoT H3BeCTHbIC MeTOJMKH. 
Pa3spaOoTKa COBepIIeHHBIX u3M4eCKHX H MaTeMaTHYecKHX 
MOJeeH MO3BOJIMJIa NOBbICHTb TOUHOCTh pe3yIbTaTOB Teope- 
TH4CCKHX HW SKCICPHMCHTAJIbHBIX HCCIICOBAHHM CHJIOBBIX TIpo- 
IfeCCOB B 3yO4aTOM 3alleMIeHHH KpyHHOM BOHOBOM Mepezaun. 





Introduction. The development of computational-and- 
experimental methods for evaluating the force distribution 
pattern across the width of the toothed rim and in the 
circumferential direction of the toothing of a large wave gear 
is considered. The study is based on the results of the test 
tooth tensometry using scale modeling of prototype units. 
The work objective is to create a reliable experimental- 
theoretical model of the teeth force interaction in a large 
wave gearing. Such a solution involves the transformation of 
model sample deformations into a distributed load between 
teeth which will eliminate the basic uncontrollable nonlinear 
errors and improve the accuracy of estimation of force 
factors in the toothing area. 

Materials and Methods. An improved power analysis 
procedure of a large wave gearing, optimized by accuracy 
criteria, is developed. The accuracy of the research results is 
enhanced through improving physical and computational 
models. This approach enables to obtain reasonable 
dependences of the power factors distribution in a large wave 
gearing. 

Research Results. The design shape of the control tooth is 
simplified; an invariant profile is introduced over the full 
width of the ring gear. Thus, non-linear distortions of the 
experimental results introduced by a variable tooth shape 
across the width of the ring gear are excluded. In this case, 
the installation of tensoresistors across the full width of the 
test tooth is possible. In addition, the proposed solution can 
establish the dependence of the teeth deformation across the 
full width of the ring gear, and not only in the extreme areas 
as suggested by the well-known techniques. The 
development of perfect physical and mathematical models 
enables to increase accuracy of the results of theoretical and 


experimental studies on power processes in the large wave 
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Tlomyyenbl HaydHO OOOCHOBaHHEIe AByxXlapaMeTpHyeckHe 3a- 
BHCHMMOCTH paciipeseseHHA CHI B 3yOUaTOM 3allenIeHHH. 
O6cyarcodenue u 3akmouenua. ATITIpOKCHMalMA 3IBOJILBeHTHOTO 
nmpoduna 3yOa B TpalelenyaribHE Mpodpusb ympoctuna WoKa- 
3aTCJIBCTBO TO2XKJ{CCTBCHHOCTH ypaBHeHH ylIpyrocTu u rpa- 
HHUHBIX YCJIOBHH MaTeMaTH4¥eCcKHX MoOJesIeH. IlomyaeHHpie 
pe3yIbTaTbI NIPHMeCHHMBI Ip MaTeMaTHYecKOM MOJ[euIMpoBa- 
HMM TWJIOCKOHalpsKeCHHOTO COCTOAHHA 3YObeB C HeJIMHeMHbIMH 
mpoduiamu. CpaBHuTebHat OleHKa MOrpeliHocteli, BHOCH- 
MBIX OTKJIOHCHHAMH TeEOMeTPHYeCKHX (POpM H pa3Mepos u3u- 
YeCKHX MOJeuIeH HU MaTeCMaTHYeCKHX aHaJIOrOB, NOATBep»xKaeT 
KOPPCKTHOCTL MOCTaHOBKH 9KCIepHMeHTa H OOOCHOBaHHOCTB 
TIOJYYCHHBIX KOJIMYCCTBCHHBIX JaHHBIX. Pe3symbTaTEI paOorTEr 
MOTYT OBITb HCHOML30BaHbI IPH YTOUHeCHHOM pacyeTe KOH- 
CTPYKTHBHBIX apaMeTpOB SIEMeCHTOB 3yOuaTOrO 3allelIeHHA B 
TIpolecce MpOeCKTHpOBaHHA KpPyNHbIX TKO Harpy2KeHHbIX 
BOJIHOBBIX PeLYKTOPOB. 


KurrouesBble Cs10Ba: BOJIHOBAA mlepeyaya, 3yOuaToe 3alleCIieHHe, 
CHJIOBOK aHasi3, pacipeqesIeHHve Harpy3KH. 
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gearing. The scientific-based two-parameter dependences of 
the force distribution in gearing are obtained. 

Discussion and Conclusions. Approximation of the involute- 
tooth profile in the trapezoidal profile has simplified 
evidence of identity of the elasticity equations and the 
boundary conditions of mathematical models. The results 
obtained are applicable in the mathematical simulation of the 
planar stress state of teeth with nonlinear profiles. 
Comparative evaluation of errors introduced by deviations of 
geometry and dimensions of physical models and 
mathematical analogues supports the experiment correctness 
and the validity of the quantitative data obtained. The 
research results can be used in the improved calculation of 
the design parameters of the gear components in the 


engineering process of large heavily loaded wave reducers. 
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Breyenne. [IpomexyTouHoe mpeoOpa30BaHHe BpalljaTesIbHOrO ABMDKeHHA B HEIpepbIBHYIO BOJIHOBYIO eop- 
Mal{Hi0 THOKOFO KOsIeCa H3MCHHJIO COAKUBIIMECA IPHHUMIbI M POPMBbI COMpsKCHHA ZICMCHTOB 3alleMJICHHA BbICIUMX 
KMHeMaTH4ueckux ap. IIpu 9TOM Maslad pa3sHOCTb 3yObeB BO BHYTPeHHEM 3al{eIIeHHH BOMHOBOM Mepezaun (Ba 3y0a) 
He CorlacyeTca C TpaqMIMOHHBIMH MpescTaBIeHHAMH OO ycOBHAX TeOMeTPHYeCKOrO CHHTe3a HU (PYHKUMOHMpOBaHHA 
3yOuaTon nappl. ostomy c TOUKH 3peHHA HHTepPepeHUHH 3yObeB 3alleMIeHHe BOMHOBOM MepeqadH HaXOJUTCA 3a O- 
IIYCTHMBIMH IpesesaMH CyU[eCTBOBaHHA IBOJILBCHTHOM BHYTpeHHeH 3yOuaTOM Mepeqaun C %KCCTKHMM 3yYOUATBIMH KO- 
jlecamMu. Bo3Hukaromsad B 3al[elieHHu HHTepPepeHynA 3yObeB BTOPOTO posla yCHJIMBaeTCA 3a CYeT AedopMauMH rHo- 
KOTO KosIeca OT HepeqaBaeMon Harpy3KH, 4YTO OrpaHHYMBaeT HECYIMy10 CMOCOOHOCTh BOHOBOM Nepeyaun. HeratuBHoe 
BJIMAHHe MaciuTaOHorO (akTopa cnocoOcTByeT BO3HHKHOBCHHIO MHTepdepeHuMH 3yObeB B KPYIHbIX BOJIHOBBIX Ilepe- 
Wauax, 4TO BbIZbIBACT 3AKIMHHBaHHe M MpOCKOK 3yObeB B 3allerJIeHHH. 

ba30Baa KOHIeMIMA BOUHOBOM 3yO4"aTOH Uepeyqauu (strain wave gearing, SWG) 3anaTeHToBaHa 
K. Y. Maccepom B 1957 rogy. PemieHue ocTaeTca HeH3MCHHBIM Jit CepHiiHEIX OOpa3l0B OrpaHHueHHOHM MOLIHOCTH, 
HECMOTPA Ha MHOXKECTBO KOHCTPYKTHBHBIX YCOBepIeHCTBOBAaHHH. [loqTBep»xKeHHeM ITOMY CJIy2KaT BOJIHOBbIe peyK- 
TOPbI, BbIITyCKaeMble BeyU{MMU (pupmMamu CIUA (Harmonic Drive Technologies Inc., United Shoe Machinery Corp.), 
Anounu (Harmonic Drive Systems Inc., 'epmManuu Harmonic Drive AG) u Apyrnx, B TOM 4UuCIIe THWeH3HOHHat TIpo- 
aykuua Harmonic Drive Systems Inc., npou3BoqumMasa B KHP [1, 2]. 

B kpytHBIX BOJIHOBBIX 3yO4aTBIX peLyKTOpax peaslH3yIoTcA OOMbIUIMe MOWHOCTH, BpallalolWHe MOMEHTBHI Tpe- 
ppuator (0,3...1,5)x10° Hm. Takumu getamamu KOMIMIeKTyeTCaA TOPHOpyAHOe, MeTasypruyeckoe oOopyqoBaHve U 
OobIIMe MalIMHBI, BbIITycKaembie HoBokpaMaTOpCKHM MallMHOCTpOHTesIbHbIM 3aBO0M (HKM3). TunoBas KOHCTpyK- 
IMA KyIa4KOBOrO TeHepaTopa BOJIH C THOKHM WapHKONOAMWHMHHKOM HepaboTocnocobua HW HelmpHMeHHMa B MOAOOHO 
MpOAyKUMU TaAKeTOrO MawimMHocTpoenna [3]. B KpynHbIX BOJIHOBBIX peAyKTOpaXx HCHONb3yeTCA JMCKOBbIM reHepaTop 
BomH. B ormmune OT KyIa4KOBOTO reHepaTopa, OMHOBPeCMCHHO KOHTAKTUPyOlero MO BCeMy TlepHMeTpy rHOKOrO KoOJIe- 
Ca, JMCKOBbIM B3aMMOJ{eHCTByeT C THOKMM KOJICCOM Ha JMaMeTpasIbHO MPOTHBOMOJOXKHBIX yaCTKaXx. ITO co3qaeT O0- 
lee BBICOKHH ypoBeHb cBOOOAbI AesopMallM THOKOrO KOJIeca H YBEMYMBaeT BO3MOXKHbIC OTKIOHEHHA OT 3aaHHOToO 
TOIOKEHHA. 

Ilo WevicTBveM J{MCKOB reHepaTopa BOJIH HM Bpallaroljero MOMeHTa THOKOe KoJIeCO NpHoOpetaeT HCKpHBIIe- 
Hue B BUJe CulerKa 3aKPYYCHHOM KOHYCHOCTH. ITO OOycOBIMBaeT MepeKoc 3yObeB 10 WIMpHHe 3yO4uaToro BeHIa OTHO- 
CHTeJILHO 2%ecTKorO KosIeca. HapyuiaeTcd paBHOMePHOCTb BeJIHYHHbI 3a30pOB B 3YOUaTOM 3alleIJIeHHH MO WMpHHe 
3yOuaTBIX BeHHOoB. IIpu OombuIMx Harpy3Kax JePopMaluu THOKOrO KosIeca MpeBbIMWAalOT 3a30PbI B 3yOUAaTOM 3aLerie- 
HMM HM CO34aloT YCOBHA HHTeppepenyuN 3yObes BToporo pora. IIpu wupoKux 3yOuaTbIx BeHWax, MaIOM MOJysIe 


Matimyo CcTpoecHHe U Mall MHOBeCCHHe 


121 


//vestnik.donstu.ru 


http 


122 


Becmuukx J[oncxozo zocydapcmeéennozo mexnuueckozo ynueepcumema. 2019. T. 19, Ne 2. C. 120-129. ISSN 1992-5980 eISSN 1992-6006 
Vestnik of Don State Technical University. 2019. Vol. 19, no. 2, pp. 120-129. ISSN 1992-5980 eISSN 1992-6006 





3YObeB B YCJIOBHAX OObIIHX Harpy30K 3a30PbI B JIOKAJIBHBIX 30HAX JePOpMMpoBaHHOrO 3yOuaTOrO 3alleIWIeHHA TIpH- 
HUMAIOT OTPHaTeIbHble 3HAYCHUA, AKTHBH3HPy!IOT HHTepPepeH M10, BbIZbIBAIOT 3aKJIMHHBaHMe MH MPOCKOK 3yObeB. 
KoHcTpyKTHBHBIe OTIHYHA KPYMHBIX BOJHOBBIX 3yOUATHIX Mepesad OOYCOBIICHbI TaBHbIM OOpa30M MaciTaOoM. ITOT 
cbakTop ycyryOaeT HeraTHBHble Mpouecchl, HaOIOaemble B 3YOUaATOM 3alleIJICHHM BbICIIHX KHHCMATHYCCKHX Map, 
CHWKaeT TEXHHYECKHE HM SKCIUIyaTalHOHHble XapakKTepHCTHKU TKeIO Harpy2KCHHBIX BOJIHOBBIX PeYKTOPOB. 

Llembro HacTostei paOoTb! ABIACTCA MOBbILMeHHe Harpy304HOH CMOCOOHOCTH, TeXHH4eCKHX WM SKCIUIyaTalHy- 
OHHBIX XapaKTePHCTHK KPYTHBIX BOJIHOBBIX 3YOUAaTHIX PeTYKTOPOB, YAOBJIETBOPAIONIMX TEXHHYCCKHM YCJIOBHAM TAXKE- 
JIOTO MallIMHOCTpoeHHaA. 

Teopetwueckne WM pakTwueckve HapaOoTKH NO HCCIeqOBaHHIO KPYMHbIX BOJIHOBbIX Tepeqay OrpaHv4eHel, 
TIOJIYYCHHBIC PC3YJILTATbI ObIBAaIOT IPOTHBOPeUHBEI, He BCera MOBTOpAIoTca. Kpome Toro, HeOOXOAHMO OTMETHT Cy- 
UJCCTBEHHbIC KOHCTPyKTHBHbIe OTIMYMA, OTCYTCTBHe TeOMeTpHYeCKOrO NoLoOuA, B TOM YHCIe B pa3MepHbIX pA1ax 
KHHeMaTH4YeCKHX HM KPYIHbIX BOJIHOBBIX Tepeyay. Bce 9TO He NO3BOJIACT HCTOJIb30BATb H3BECTHbIC PaCdeTHbIe MCTOH- 
KH B IPOCKTHPOBaHHH BOJIHOBBIX Mepesay Jia Welle TaxKeTOrO MalimMHocTpoeHna [4—6]. 

Cuute3 3y0uaToro 3allemieHHA NOAYHHEH YCIOBMIO NOCTOAHCTBA 3aaHHOTO MepeaTOUHOTO OTHOLMeHHA, pe- 
TlaMeHTHpyemMomy TeopeMoi Diiepa — Capapu. IlepMaHentHas ZedopMalua rHOKoro KosIeca He cormacyeTca C OC- 
HOBHOM TeopeMol 3yOuaTOrO 3allelIeHHA, YTO CMOCOOCTBOBAaIO BOSHHKHOBEHHIO IIPOTHBOPeYHBbIX MeTOJHK CHHTe3a 
BOJIHOBOTO 3yOuaToro 3aleneHHa [7-11]. B ogHnMx paboTrax 3a OcHOBy MIpHHuMaetca OOM CHyYali 3yO4uaTOrO 3a- 
yenmeHua [12], B Apyrux paccMaTpHBaeTca KIIMHOBOM MeXaHH3M CO CJIOXKHBIM OTHOCHTCJIBHBIM JBH2KCHHEM 3BCHb- 
eB [13-15]. B HexoTopbix MeToAMKax yIIpoljaeTca reOMeTpHA HM KHHeEMaTHKa BOHOBOrO 3yO4aToro 3alereHna [16, 
17]. KomOunuposaHHbEl MoyXoy upexctaBiaeT coOom cHHTe3 OOWIeH TeopHu 3yOuaTorO 3aleIIeHHA C 3IeEeMeHTaMH 
KJIMHOBOrO MexaHH3ma [1]. 

J\1a yROBNeTBOpeHuA YCIOBHAM OCHOBHOM TeopeMbI 3yOuaTOrO 3allelJICHHA MIPHMCHHTeIbHO K CHHTe3y BOJI- 
HoBoH Mepegzauu E. [. Pun30ypr ucnomb30Basl KMHeMaTHYecKHH Mo”xo [18]. BBeqeHHoe HM MOHATHE «yrIOBad CKO- 
POCTb TOUKM> OLIMOOUHO, OCHOBaHHbIe Ha HEM JOBOJbI HEKOPpeKTHEI. 

B monorpadun H. A. Kospanesa [19] orMedeHsI CiO2%KHOCTh CHJIOBbIX HM KHHCMaTHYCCKHX Ipoleccos, WpoTe- 
KarOUJHX B BOJIHOBIX Tepefqayax, OTCYTCTBHe JOCTOBEPHbIX 3ABHCHMOCTeli, aeKBaTHO OTParxKalOWIMX BIIMAHVE BHELI- 
HUX (PakTOpOB Ha BHYTPeHHHe MpOUeccbl B KHHeEMATHYeCKHX Mapax. DITO He TO3BONAeT pa3spaboTaTb 3:pdpeKTHBHbI 
MeTOA CHHTe3a BOJHOBOM 3yOuaTOM Mepeqa4v, ONTHMM3HpYIOWIHM OCHOBHbIe WapaMeTpbl HecylHx 3BeHbeB. Ilo 
H. A. Kospanesy, mp HepacTs»KHMOM CpeqMHHOM MOBeEpXHOCTH PaBHOMePHO JBYDKeTCA JIMINb TOUKAa MepeceyeHHa OCH 
3y0a HM CpeHHHOM MOBepxXHOCTH, 4TO IpoTHBOpeUHT BEIBOAAaM E. I. Pun36ypra [18]. 

BenwunHy MaKCHMaJIbHOTO paMabHOTO yIIpyroro CMeLIeHHA Ww, CpeqMHHOM MOBepxXHocTH rHMOKoro KosIeca 
3ayjaeT reHepaTop BOJIH Ip OTCYTCTBHU KpyTaAljero MOMeHTa. CMeljeHve w, JOJDKHO TpeBbIlWaTb NOJOBHHY padoueli 
BBICOTHI 3yOa. Pa3Mepbl 3allemvIeHHA CileyeT KOppeKTUpOBaTh HO BeIMUMHE w,, He HaobopoT [19]. 

OTHOCHTeIbHO 3HAaYeHHA TapaMetpa W, He CyleCTByeT eAMHOTO MHeHHA. Pay aBTOPOB CBA3bIBACT MaKCH- 
MAJIbHYIO PaMaIbHY!IO eEPOPMaHIO Wing, C HepeaTOUHbIM OTHOLWCHHeM BOJHOBOH MepezauH [20] u ZHcCKOBbIM reHe- 
paTopom BouH. C Wemb1o noBbimenua KIT] pexoMenzyetca IpHHUMAaTh W,,,, =m. E. T. Vun30ypr pekoMenyyert ompe- 
HEIATS Wmax YEPe3 YCIOBHBIM MOLYJIb M,, OTMMUAIOWMCA OT MOLyA m [18]. 

Matepnani 4 MeTogb. [11 npeaynpexyenua HATepPepeHunu 3yObeB B CepHifHO BbIILyYCKaeMBIX BOJIHOBbIX 
peAykTopax IIpHMeHAIOT H3BeCTHbIe TIPHeMBI!: 

— koppurupoBanue 3yObes, 
— yBeJIM4eHve WIMpHHbI BIaMHbI MExKTy 3yObAMH, 
— yBeJIM4eHHe yrsia HCXOMHOTO KOHTypa 3yObe.. 

Oro HapAy Cc Maslol LIMpHHON 3yOuaTHIxX BEHUOB UM CpaBHUTesIbHO HeOOMbUINMH MepeqaBaecMbIMU KpyTALMMU 
MOMCHTaMH BO MHOFOM pelllaeT MpakTH4ecKHe BOTIPOCbI MpHOMMKeHHOrO CHHTe3a 3yOUaTOrO 3al{elIeHHA B 4YaCTH 
yCTpaHeHua HHTepPepeHHH 3yObeB JIA CepHMHO BbIMyCKaeMBbIX MasIOHarpy2KCHHBIX BOJIHOBBIX PeYKTOPOB. OAHaKo 
TeOpeTHYeCKHe UCCIeEAOBAaHHA ITHX BOMPOCOB AaeKu OT 3aBepwieHHA. Tloka HET yHOBJIETBOPUTeIbHOrO pellleHHA OT- 
HOCHTCJIBHO 3aleIJICHHA BbICIUMX KHH€MaTHYeCKHX Hap KPyMHbIX BOJIHOBbIX PeCAYKTOPOB C WHPHHOM 3yOuaTbIx BeH- 
OB 100+200 mM, Mogystem 3yObeB 1,5+3 MM M JHCKOBbIM reHepaTOpoM BosIH. CipoeKTHpOBaHHBble 0 H3BeECTHBIM Me- 
TOJMKaM KpyIHble BOJIHOBbIe PeAYKTOPhI, H3rOTOBeHHbIe Ha HKM3, oKka3amucb HepaOoTOCNOcOOHbIMH H3-3a HHTep- 
cbepeHyHH 3yObes. PemieHue NOA0OHBIX 3afa4d TpeOyeT HOBBIX TEXHHYECKHX PeleHHH, OCHOBaHHBIX Ha JOCTOBepHbIxX 
pe3yIbTaTax TeOpeTHYeCKHX HU IKCIeCPHMeCHTAJIbHBIX HCCI TOBAHHH. 

J\nat ON|CHKM TpaHHYHBIX YCNOBHM MpoABMeHHA MHTepdepeHIMH UM Mpockoka 3yObesB B 3al[eIICHHH, a TaKKe B 
IeAX MpeOTBpaleHHA ITHX HeETATHBHBIX ABIICHHM NPpOBeeHbI Hay4Hble W3bICKAaHHA. Mx pesybTaTbI NO3BOJIMIIM CO- 
3aTb OOOOMICHHY!O MOJeCIIb B3AMMOACHCTBHA 3yObeB B 3alleIWICHHH KpyMHOU BOHOBOH Mepegzaun. PaspadotaHa yTou- 
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HeHHad MeTOAMKa CHIIOBOrO aHaIM3a TaKOrO 3alleMeHHa. TOUHOCTh pe3yIbTaTOB HCCIeOBAaHHA MOBbIMAeTCA 3a CUeT 
COBepIICHCTBOBAaHHA (PU3H4eCKHX MW pacueTHBIX MOeeH. ITO NO3BOIACT MONYIMTh OOOCHOBAHHbIe 3ABHCHMOCTH pac- 
TIpeeeHHA CHJIOBbIX (AKTOPOB B 3YOUATOM 3alleIVICHHH KPyMHOM BOJHOBOH Mepeqayun. 

JlehopMatimro HalipsxKeHHbIX 3JICEMCHTOB KOHCTPYKUMH, B TOM 4MCiIe 3yObeB, IPHHATO W3MepATb MeTOaMU 
TeH30MeTpHH. OHako Ha 3yObaX BOJHOBOM Mepeqaun Cc HeOOJbIIMM MOJYJIEM HCBO3MO2XKHO 3aKpelHTb TeH30pe3HCTO- 
pb. Ilo u3BecTHBIM MeToauKaM [20, 21], B oOone 2ecTKOrO KOsIeCa BBITIOUJHAIOT [Be MapaseubHble Wpope3v, yWalaa 
IIPH 9TOM {Ba CMe2KHBIX 3y6a (puc. 1). 





Puc. 1. Jlokamm30BaHHble 3JIEMeHTHI 3y0a 2KECTKOFO KosIeca peqyKTOpa HakJIOHa NepeqBMKHOrO MuKcepa MII-600AC 


Ilo mmpuHe Koseca Npope3u MOTyT OBITb CKBO3HBIMH WIM TIYXUMH, BBINOJIHCHHbIMM C OOOHX TOpIOB obona 
TaKHM OOpa30M, 4TOOKI CpeqHAA YACTb OCTaacb HETpOHYyTOH. CormacHo yTBepxKTeCHHAM ABTOPOB paciipocTpaHeHHbIxX 
MeTOJIMK, CKBO3HbIe TIyOOKHe Mpope3H MOTyT CYII[eCTBCHHO YMCHBbILNTb 2KCCTKOCTb KosIeca, YTO HeOMycTUMO. B 13- 
BeCTHBIX paOoTax IPHMeHACTCA IKCICPHMCHTAIIbHad MOJeJIb, Pe CpeHAA YacTb 3yObeB He yylalieHa HM paboTaeT Haps- 
Ty CO BCeMH JIpyruMu. 

YrtBepx CHA O HeOMyCTHMOM CHWKCHHM 2KeCTKOCTH KOJIeCa CKBO3HBIMH Mpope3aMu [22] HeyOeqHTeIIbHBI, 
T. K. TONMMHa OO0Na 2KecTKOrO Koseca He perulaMeHTUpyeTCA MH B YCIIOBHAX IKCIICPHMeCHTAa Ce MOXKHO IIPHHATb WOCTAa- 
TOUHOH, YTOOI popes HE OKAa3bIBaJIM 3AMCTHOTO BIIMAHUA Ha 2KCCTKOCTb. Kpome TOYO, KeCTKOe KOIICCO 3alIpeccoBaHo 
B KOHCTPyKIUHI0 KOpIlyca Hi Ip OL|CHKe %KECTKOCTH PacCMaTPHBAeTCA COBMECTHO C KOPITyYCOM peyKTopa. 

Ilo Merogquxam [20, 21] mpope3u 2xxecTKoro KoIeca yBeIMUMBAaIOT WeOpMallMiO KOHTPOJbHOrO 3yOa OTHOCH- 
TeIbHO ero CpeqMHHOM uacTH. U3MeHeHve 2KeCTKOCTH KOHTPOJbHOrO 3yOa MO WIMHE MOBbIINaeT TedopMallu1o0 BbIe- 
JICHHBIX 3JIEMCHTOB Y TOPIOB, HCKaxKaeT JedOpMHpOBaHHOe COCTOAHMe KOHTPOJbHOFO 3yOa U He MO3BOIIAeT C WocTa- 
TOUHOM TOUHOCTHIO OICHHBaTb CHJIOBbIc XapaKTePHCTHKU 3yOuaTOrO 3allelIeHHA MO WIMpHHe BeHI[a HM B OKpy2KHOM 
HalpapieHuu. MHorokpaTHoe CHWKeHHe 2%KCCTKOCTH BBIJ[CJICHHBIX IICMCHTOB 3yOa He YAHTHIBACTCA H3BECTHOM MeTO- 
mukoni [22], uro HapyiiaeT OOBEKTMBHOCTh pe3yIbTaTOB IKCICPUMeHTA HU OCMOHKHACT UX aHalIH3. 

TunoBad MeTOuKa W3MepeHHa Tedopmaliun 3yObeB BOMHOBOM Mepeqaun [8] Mano oTIM4aeTCA OT MeTOJMKU 
OOBIYHBIX 3yOuaTHIX Hepezay [23]. B [22] moka3aHo, 4TO Mepelay *®XeCTKOCTH MOE, OOYCIOBJCHHBIM TIyXuMu TIpo- 
pe34MH Ha 2%KeCTKOM KolIece, UCKaxKaeT TedopMallM1O KOHTPOJIBHOFO 3yOa Ip Harpy3Ke M He YAMTHIBAeTCA IPH poBe- 
JCHHM IKCIepuMeHTa U OOpadoTkKe MOJYICHHBIX JaHHBIX. TakuM OOpa30M CHWKaeTCA TOUHOCTb MU JOCTOBepHOCTh I0- 
JIYYCHHIX Pe3yIbTAaTOB. 
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TeH30pe3HcTop He KpellHTca MOCepeqMHe KOHTpOJBHOTO 3yOa, OSTOMY HEBO3MO2%KHO MOJYYNTb NOTHOe mpey- 
cTaByleHHe O ero JepopMalHH, KayecTBeCHHbIe WM KOJIMYCCTBCHHbIC XapaKTePHCTUKU paciipeyeeHHA CHI B 3yO4aTOM 
3aljerseHun. Kpome Toro, Ip paccMOTpeHHM CTyMeHYaTOTO H3MCHEHHA 2KECTKOCTH (PU3M4eECKOM MOE MO H3BeCT- 
HOM MeTOMKe He YYNTHIBAIOTCA PPaHHUYHbIe YCOBHA, BIIMAHHe KOTOPbIX YCHIMBaeTCA (PaKTOPOM MacuTaba [18]. 

PaccMoTpuM BosIHOBON pexyKtTop B3-1120 npuBoga HakoHa MepegqBwKHOTO MuKcepa MII-600AC emxkoctTst0 
600 T pacnmaBneHHoro Metasma. IpumMem JonyleHve, YTO Harpy3ka B 3allelJIeHHM BOJIHOBOM Nepeszauu mpusoxKeHa 
Ha CepeJHHE BBICOTHI 30a, T. K. BO BHYTPCHHEM 3alleIvIeHHH OAHOM BOMHbI HaxomuTca ~ 20+25 % 3yObes. 

OnpeyemuM BO3MOx%KHY!O OLIMOKY JOMyWeHHA B OOBeMe 3kKCTIepHMeHTa. PaccMoTpuM 2KecTKoe 3yOuaToe KO- 
JIecO C BHYTpeHHHMH 3yObAMH: 

— MOJlyIb 3yObeB m = 1,5 MM; 

— 4HCIIO 3yObeB 2KeCTKOTO KosIeca Z) = 762; 

— 4ncio0 3yObeB JonOaka Z4 = 68; 

— ]MaMeTp JleuIMTeIbHOH OKpyxHOcTH Koseca d= 1143 mM; 

— BpIcoTa 3y6a Kosleca H = 2,985 mM; 

— J(MaMeTp OKpy2KHOCTH BeplIHH 3yObes Koseca D = 1155,12 mM; 

— ]{MaMeTp OKpy>KHOcTH BraquH 3yObeB Koseca D,= 1161,09 mm; 

— yroul npodusa B TOUKe 3yOa Ha JeIMTeIbHOM OKPYKHOCTH d, Oo = 20°; 
— koodulNeHT CMeLeHHA HCXOAHOrO KOHTypa HHcTpyMenta x = +4,953 MM; 
—  wmpuua 3yOuatoro Benya b = 100 mM; 

— HOpMA@JIbHBIM UCXOAHBIM KOHTyp 10 TOCT 13755-81; 

—crTenenb TouHocTu 7D (TOCT 1643-81). 

OTHOCHTesIbHad NOTpewiHocTs AonyujeHua R, kacaouleroca yCOBHOTO IpHOKeHUA HOPMAIIbHOTO yCHINA Ha 
CepeJHHe BBICOTHI 3yObeB: 

_ 2H 100% = 2-+2,985 
D+D, 1155,12+1161,09 


IIpunatoe AON YymeHve He OKa3biIBaeT 34MCTHOTO BJIMAHHA Ha Wepewqary ycusIMi B 3y0uaTOM 3alleCrlleHUy, T. K. 


R 








-100% = 0,3%. 


He3Ha4HTeIbHO HU3MeHAeT WHaMeTp MpHoxKeHHA Harpy3KH. JIA allMpOKCHMal[MH 9BOJIbBeHTHOTO Mpodusa 3y0a B 
TIpaMouMHelHyto (bopMy onpeserHM TOMMY 3yOa S, *KECTKOTO KOJIeCa M10 IpOH3BOJIBHOM OKpy2KHOCTH payuyca ry: 


COS Ay T ; ; e 
S, =m———+A, +Z> (inva, —invag ), COS A, =— COS Ag, 
COS Oy. " 


rye Oy — yrou mpopusa B TouKe npodusa 3yOa, B KOTOpol payuyc — BexTop 7,; A, — KospulyneHT u3MeHeHHA 
TOJMMHBI 3yOa 10 WHOOOM OKPyKHOCTH KOJIeCa B HOPMAJIbHOM Ce4eHHH Ip Hape3aHHu 3yObeB oOOAKOM cpesHel 
VW3HOWCHHOCTH: 


A> =(Z, —Z,)(inv ag — inv ac2). (1) 
OTHOcHTelIbHaA TIOPpeCwMHOCTh OMpeAeMAeTCA KaK MO]YJIb OTHOMICHHA aOcoJOTHOM TIOPpewWHOCTH K 3HAYeCHHIO 
TIpHOMMKeHHOM BemMunHbI. MakcHMasIbHO BO3MO2KHOE 3HAYeEHHEe AOCOIOTHOH TIOPpeCWHOCTH B paCCMaTPHBaeCMOM CIly- 


yae paBHO ee II[pHOumxKeHHOM BeIMYHHOM ABJIAeTCA palMyc OKpy2KHOCTH cepewMHbI 3yOa %ecTKOrO KOJIe- 


ca(D+D, ) / 4. Kocunyc yria cTaHounoro 3alleneHua Oc7 B BbIpaxeHuu (1) NpH Hape3aHHM 2ecTKOrO KoNeca JOI- 
OaAKOM CpeqHel H3HOMICHHOCTH OMpeyeAeTcaA C YHeTOM KOIPPUUMEHTa CMeMICHHA HCXOAHOFO KOHTypa AoOAKa: 


22 —Z4 
Z2—Z4 +26 , 





COSAC2 = COSAd 


3HaueHHua TOJILJMHbI 3y0a Sy 10 Ayre IpOW3BOJIBHOrO payNyCa rr, KeCTKOLTO KOJICCa NPHBeCHBI B taou. 1. 


Taosmua | 
Tommmua 3y0a Sy *KeCTKOFO KosIeca B pa3zJIMUHbIX CCUCHHAX, BBITMCIICHHAad M10 [tyre OKPyKHOCTH payuyca ry, MM 





Fe 579,239 579,426 579,612 579,799 579,985 580,172 580,358 580,545 
































Sy 2,613 2,765 2,918 3,071 3,223 3,377 3,530 3,685 





Tommmua 3yOa 10 Ayre OKPyKHOCTH OTIMYAeTCA OT TOJINMHbI 3yOa MO xopse Mp 3aaHHbIx MapamMeTpax 
2%KeCTKOFO KosIeca Ha BenMUMHY 5-10° MM, MOITOMY C JOCTATOUHOM TOUHOCTHIO MOX%KHO MPUMpaBHAT TOIMHEI 3yOa 110 
Ayre OKpy2KHOCTH payuyca 7, W 10 COOTBETCTBYIOMNeH elf xopse. 
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OnpeyemuM TomuHHy 3y0a S,, aliupoKcMMMpoBaHHOrO B IIpAMOJIMHeMHbIM Mmpopusb Ha payMyce 
ry = 579,799 MM. Ona paBHa TOJlycyMMe kKpaliHHx 3HaYeHH TONMIMHbI 3yOa mo payMycam 7,=579,053 MM u 
r, = 580,545 mM: Sx = 3,074 MM. 

TosmMua 3yOa 9BOBBeHTHOrO MpodusiA %KecTKOrO KONIeca Ha OKpy2KHOCTH payuyca 7; = 579,799 MM paBHa 
S, = 3,071 mm. AOconroTHasd NOrpeliHocTs allipoKcuMalluH Npopusa 3yOa 2%KeCTKOrO KOJIeca B IpAMOJIMHEMHBIM Tpo- 
(pus: 

A, =S,. — S,, =— 0,003 mM. 

OTHOCHTesIbHad MOPpelwHOCTh MIpAMOJMHEMHON alMPpOKCHMalHH IBOJbBEHTHOFO MpodusiA 3yOa 2KECTKOTO KO- 

gieca: 


_ Sy — Sax 





R -100 = 0,1 %. 
ax 
Ammpokcumaua SBOJIBBCHTHOTO mpomusa 3yoa 2KCCTKOTO KOJIeCca TIpaMOJIMHeHHbIM Tpo@usem He BHOCHT 3a- 
MeTHYI!O IOrpelHOCTb B pacueTHy!o cxemy. YpaBHeHHe MpAMOMMHEMHOTO MpodusA Moen 3yOa B KOOpAMHaTax XOY 
TIpeACTaBJICHO Ha pHC. 2 
¥-%).  N-% 
X-X,  X,-X>- 





(2) 


lj, = 15,947 

















Puc. 2. PacueTHasd MojieyIb KOHTPOJIBHOTO 3y0a 2KCCTKOLO KOIIeCca C allMpOKCHMUPOBaHHbIM TIpaMOJIMHeHHbIM TIpodbuseM 


Vingexcamu | u 2 na prc. 2 yka3aHa MpHHayexHOCTh KOOPAMHAaTHBIX (yHKuHi X u Y kpaitHuM TOUKaM Tps- 
MosIMHeHHoro npodunsa 3y6a | u 2. B ypaBuenne (2) nogctaBisaroTca 3Ha4eHuA X, YB TouKax | uw 2 cormacHo pu. 2, 4 
3alMCbIBaeTCA ypaBHeHHe UpAMOJIMHeHHOrO Mpoduss 3yOa c JIMHeHHbIMU pa3MepaMH B MUJIIMMeTpax: 

Y =7,767—0,410 X. 

TouMMHa HW %KCCTKOCTb alllIPOKCHMMpOBaHHOrO IpAMOJIHHeEHMHOLO 3yOa 2%KeCTKOFO KOJIeCa B IIPOH3BOJIBHOM Ce- 
YeHHH, MM: 

Sox = 2Y¥ =15,534—0,820X . (3) 


3 
EI, = 21-105 SE, (4) 


YylebHad %KCCTKOCTh alllIpOKCHMMpOBaHHOrO IpAMOMHeMHOrO 3y0a 2%KeCTKOTO KOJIeca B IPOH3BOJIbHOM Ce- 
YeHHH OllpeseAeTCA MOACTAHOBKOM B BbIpaxkeHue (4) 3HayeHHi (3) mp / = 17,5 mM: 


EI,, =0,169-10°-(18,943-X)°. 
IIporu6 ynpyroi JHHuM MOyeIIM KOHTposbHOrO 3y6a Ho” cunon N;, onpeyenaetca mpu X = 1, = 15,947 mM: 
Y> = 0,819-10* N; [MM]. (5) 
HanpsKenus pacTaKeHHs O° H CKATHA GO MOJ[eIIM KOHTPOsbHOTO 3y6a B OOACTH yCTaHOBKH TeH30pe3HCTO- 


PpOB Ha paccTosHHun a, = 7,2275 MM OT KOHCOJIBHOPO 3aKpelJIeHHA (3aleMJICHHA) MOJeJIH: 


xX 
et = “un _*0 -o1867y,,—,, 
Wz F MM (6) 
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3. Mg ke H 
o =—4+4-%-0,1983N,,—, (7) 
Wr O*#F ua 


3nech M,, — u3ruOaromuii MOMeHT B OONacTH ycTaHOBKH TeH30pe3ucTopos; M,, = M,— Y,- a;; W, — oceBolt MoMeHT 
CONPOTHBJICHHA CeYeHHA JMHeEMHOM Moses 3y0a: 


2 
W, = ~ = 39,61 mm’, 


C TloMOMIb1O COOTHOMEHHA 
o = Es, 
rye € — OTHOCHTebHad JecbopMaluaA TeH30pe3ucTopa, a TaKxKe PopMy (5S—7) ycTaHaBIMBaeTCA 3ABHCHMOCTb MEX*KLY 
OTHOCHTeJIbHOM WetopMallMei TEH30pe3HCTOPOB Ha PaCTAHYTBIX H CXKATLIX MOBEPXHOCTAX MOJeJIM KOHTPONbHOrO 3yOa 
MW MIporHOoM yupyroi IMHMM TO] CHuIOn: 
Y, = 5013,33-e", Yo =472,07-€ . (8) 

Pe3y1bTaTbI HcceqoBaHUA. TeopeTHueckHe HW 9KCIepHMeHTAaJIbHble HCCIeAOBaHHA, IpakTHYecKHe HapadorT- 
KM CBA3aHBI IIPCHMYLeCTBeHHO C OCBOCHHeM, IPOH3BOACTBOM UH 9KCIyaTalluelt CpaBHUTeIbHO HeOOJIBIIMX BOJIHOBBIX 
peaxyktopos [25-32]. HakonsIeHHbIi OMbIT HEBO3MO2KHO HCHOb30BaTb Oe3 yueTa MaciluTaOHoro (pakTopa JIA KPyMHBIX 
BOJHOBBIX PeyKTOPOB C KpyTAUMMH MoMeHTamu 5-10° HM u Gonee. PuOxKoe 3BeHO ycusMBaeT OTPUATebHOe BIMS- 
Hue MaciuTaOHoro :bakTopa, HCKaxKad OOBIMHBIM XapakTep PYHKUMOHUpPOBAaHHA 3yOUATOFO 3alleIVICHHA BbICLIMX KHHe- 
MaTwyeckux map. IIpu Oonpuiux Harpy3Kax HHTepdepeHyuA BTOPOrO pOa MOXKET BbI3BATb 3aKIMHHBaHHe VM MIpOCKOK 
3yObes. MntepPepenyna TakoKe AKTHBH3UPYeT CHJIOBbIe IIpOUecch! B OOacTH reHepaTopa BOJIH, NOBbILMAad IHepreTH4e- 
ckHe moTepH. 


@parMeHT OCIMIUIOrpaMMBI COOTBETCTBYeT OOOPOTY reHepaTopa BOIH 27 (puc. 3). 


zZ 





Puc. 3. Ocyuamorpamma JedopMal{HH KOHTPObHOrO 3yOa 2*KecTKOrO KOsIeca pu Harpy3Ke M, = 3- 10° Hm u 4acrore BpalleHHa Ha 
Bxoyle ©; = 1,667 cl; 1, 2, 3, 4, 5 — ocummorpaMMBbI JedopMallHH JIOKaJIH30BaHHBIX 9JIEMCHTOB KOHTPOJIBHOTO 3y0a 


Uucio map 3yObes B 3alleleHuu Zy Ope eACTCA MPOMOIMKMTEMbHOCTHIO 3alleIICHHA KOHTPOJbHOFO 3y6a B 
TeveHHe MOMHOrO OGopota reHepaTopa BOTH (a' + a"): 


‘i 


” 
Zp =27" 7, -100%. (9) 
2m 

Uvclo OMHOBPeMeHHO 3allerIAOMMXxcA Map 3yObeB M XapakTep pacnpeseweHuA Harpy3KM 10 WIMpuHe 3yOua- 
TOTO BeHila 3aBHUCAT OT KOHCTPYKTHBHbIX TlapaMeTpoB BOJIHOBOH Tlepeqa4dn, Ope TeJIAFOULAX yCJIOBHA 3yOuaTOoro 3alleri- 
JICHWA, U TIpeACTaBIIAIOT HCKOTOPBIe dyHKWHN Bpawltaromero MOMECHTa. 

PaspadotaHa MeTOJHKa CHJIOBOTO aHasiIH3a 3yoOuaTOro 3alleJIeHuAa KpynHont BOJIHOBOH mepeyqadn. Or H3BeCT- 
HbIX pellennit ee OTIHUALOT Ba TIPCHMYyUIecTBa. 

1) Ona mo3BonseT ycTpaHuTbh UckaxKeHuA DecbOpMMpOBAHHOrO COCTOAHMA KOHTPObHOrO 3y6a pH Harpy3Ke 
3a CUCT TIOCTOAHCTBAa 2KCCTKOCTH TO JJIMHE. C 93TOHW I[CJIbIO BbITIOJIHAFOTCA CKBO3HBIC TlapaJIJIeJIBHBIe TIpope3uv Ha 2KCCT- 
KOM KOJIece CHMMeCTpH4HO OCH KOHTPOJIBHOTO 3y0a. 
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2) OTKpbIBaeTCA BO3MOXKHOCTH CYLIECTBCHHO MOBbICHTb TOUHOCTh OLCHKH CHJIOBbIX XAPaKTeEPHCTHK 3yOuaToro 
3al[eIIeHHA TO WHMpHHe BeHIa HM B OKPy2KHOM HalpaBleHHu Oarofapa yyeTy CHWKeHHA %KCCTKOCTH KOHTPOJIbHOTO 
3y0a. Jia 9Toro pa3spaOaTEIBaloTca (PH3H4eCKHe MOJeIM KOHTpOMbHOTO 3yOa H MaclITaOHpoBaHHOrO 3y6a 2KeCTKOTO 
kogieca. 

OécyxjeHne H 3aKIOUeHHA. DopMa KOHTpOJbHOrO 3yOa NPHHATa HEM3MeHHOM MO BCel WuMpHHe 3yOyuaToro 
BeHIa (3TO OTIMYAeT MpeACTaBIeCHHBIM MOAXO OT MeToAMK [20—22]). Takum o6pa30M UcKHOUAeTCA HCKaKeHNe pe- 
3YJIbTaTOB 9KCIICPHMeHTa, BHOCHMBIX IlepeMeHHOM M0 WMpHHe dopmol 3yOa. Peutenue oOecreyHBaeT BO3MO2KHOCTB 
MOHTaxKa TEH30Pe3HCTOPOB 110 BCel LIMpHHe KOHTPOJIbHOrO 3yOa, YTO YCTAaHaBJIMBaeT MOHYIO 3A4BHCHMOCTE JleopMa- 
IMM 3yObeB 10 BCel WHpuHe 3yOuaToro BeHIa, a He TOJIbKO Ha KpaliHux yuacTKax, Kak IIpeycCMaTpHBaeT H3BeCTHAaA 
MeTOJMKa. 

CopepllieHCTBOBaHHve (PU3H4eCKHX HM MATeEMATHYECKHX MOJeIei MOSBOMMIO MOBLICHTbh TOUHOCTh pe3yJIbTaTOB 
TeEOPeETHYCCKHX HM IKCICPHMECHTAIbHBIX MCCeEAOBAHHM CHJIOBBIX MIpOLeccoB B 3yO4aTOM 3al[eIeCHHH KpyNHOH BOJIHO- 
Bol mepegauu [8-10]. Homyaenst Hay4Ho oOocHOBaHHbIe AByXlapaMeTpHyeckHe 3aBHCHMOCTH paciipeseseHHA CHI B 
3yO4aTOM 3allelIeHHH. 
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